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SUMMARY 


The zero-lift-drag characteristics of nine symmetrical airfoils were 
investigated experimentally at Mach numbers from 2.7 to 5.0 and Reynolds 
numbers (based _ on the chord) from 0.35 million to 3.63 million. Eight 
of these airfoils had blunt trailing edges and were designed to have 
minimum pressure drag at a Mach number of 3 or 5 for a given torsional 
rigidity or a given bending strength. The ninth airfoil was a conven- 
lonal biconvex section having a torsional rigidity equal to that of 
three of the minimum-drag airfoils. Section thickness ratios varied 
rom 3 •74 to 6.10 percent. It was found that each minimum-drag airfoil 
had, at its design Mach number, the lowest drag of all airfoils tested 
having the same structural requirement. The differences in drag of 
comparable sections were found to be smaller at the higher Mach numbers, 

apparently because of a decrease in pressure drag relative to skin-friction 
drag. 


Experimentally determined surface pressures compared favorably with 
he predictions of a high Mach number, small-deflection angle approximation 
o shock-expansion theory. In this connection it was found necessary to 
consider distortion of the airfoil profile by the laminar boundary layer 
at the higher test Mach numbers. 


Measured base pressures on the minimum-drag airfoils are presented. 
These data are found to correlate against a parameter proportional to the 
ratio of the boundary-layer height at the trailing edge to the base height. 


INTRODUCTION 


Drougge (ref. l) was among the first investigators to study airfoil 
profiles for minimum pressure drag at supersonic speeds. By the use of 
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linear theory, sections with sharp trailing edges were determined, having 
minimum pressure drag for given thickness ratio, cross-sectional area or 
moment of inertia. Chapman (refs. 2 and 3) pointed out, however, that 
further reductions in pressure drag (up to 30 percent in some cas s) 
could be obtained by the use of airfoils with blunt trailing edges. In 
reference 3, general methods for determining blunt- trailmg-edge airfoils 
^minimi pressure drag were formulated and a rather complete group 
of structural requirements was considered. The methods of analysis wer 
applied to linearized supersonic flow. More recently, blunt-trailing- 
edge airfoils for minimum pressure drag have been determined using non- 
linear theories. Klunker and Harder (ref. 4) used the slender-airfoi 
theorv of reference 5, and Chapman (ref. 6) used shoe k- expans ion theo y 
(see e.g. ref. 7). Inherent to all the analyses of blunt-trailmg-edge 
airfoils is the fact that the base pressure must be known m order o 
determine Li airfoil with minimum pressure drag Thus far, base pressures 
have not been predicted accurately by theoretical methods. 

At high supersonic airspeeds, these analyses indicate that minimum- 
pressure-dreg sections will have relatively large degrees of bluntness, 

Sd “rthemore that the savings in pressure drag over more conventional 
sharp-trailing-edge sections will he relatively large. These theoretical 
•findings emphasize the need for comparable experimental data, how , 

SeJe seems to he very little available for any of the predicted minimum- 
Sag section!! Particularly is this the case for airfoils designe^.for^ 
a specified structural requirement, such as a given torsion g y 

a given bending strength. An experimental investigation of the zero-1 - 
drag characteristics of such airfoils at high supersonic speeds is, there- 
fore, the subject of the present report. 

This investigation was undertaken with three aims. The first aim 
was to check experimentally the accuracy of the airfoil theory used to 
design the test airfoils. These airfoils were designed using shock- 
expansion theory after the method of reference 6, since it has been shown 
(ref 8) that at high supersonic airspeeds the predictions of this eory 
compare most favorably with those of the more exact method of character- 
The second aim was to ascertain at high supersonic Mach numbers 
the reliability of the method of reference 9 for estimating and correlating 
Te bS pressures acting on the test airfoils. This method was employed 
for the purposes of the present investigation since it has proven rela- 
tively reliable at low supersonic speeds. The third aim was to 
experimentally several airfoils of equal structural properties to determi 
insofar as is possible whether or not the predicted (designed) ^apes do 

— -e -e 1-st -S J°to 

^Tr^oS numbers (based on the bhord) from 0.35 million to 
3.63 million. 
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SYMBOLS 

C D drag coefficient, 

qS 

Pi - P 

C p pressure coefficient, ° 

% 

c chord, in. 

h airfoil base height, in. 

M Mach number (ratio of local velocity to local speed of sound) 
p static pressure, lb/sq in. 
q dynamic pressure, lb/sq in. 

Re Reynolds number (based on chord) 

S exposed wing area, sq in. 

t airfoil thickness, in. 

x airfoil abscissa, in. 

y airfoil ordinate, in. 

Subscripts 

0 free-stream conditions 

b conditions at airfoil base 

1 conditions on surface 


EXPERIMENT 

Test Apparatus and Techniques 


All tests were conducted in the Ames 10- by 14- inch supersonic wind 
unnel, which is of the continuous flow, nonreturn type with a nominal 
reservoir pressure of six atmospheres. Stream Mach numbers can be varied 
irom 2.7 to 5.0 by changing the relative positions of the symmetrical 


k 


NACA RM A53B02 


# Ascription of the wind tunnel and its 

nozzle blocks. A more complete description 

auxiliary equipment can be found in reference 10. 

T^e wings vere “ 

tion having a fineness ratio of J* meagured ® y a strain-gage-type 

wing-body combination at zero 1 support body was subtracted 

b f rS; to gi e - r ^ on 

pressures • 


Models 


sight blunt- trailing-edge ^Tgi-nlt™^" 

ence 6 to have minimum pressure drag at zero 1 investigation. 

requirement and a given Mach number v^eused^n^hi^inves^gy ^ ^ 

The structural requirement was ei e g reference 6, it is necessary 

given bending strength. Wi Ifljase pressure with Reynolds number, 

to know in advance the variation h_ aii P ^ height)< An approximation 

Mach number, and airfoil shap I P tbe e ff e ct of Mach number on 

to this variation was obtained by est “ ^ g " n Reference 9 (see 

the curves of correlated base-pressure data presented 

discussion of base-pressure data). 

Ai rfoils with torsional rigi dity specified.- The^first airfoil^ction 

b S S £2TS Se ^hr^ ^tahe thev aluethet 

1 Interference drag 'is therefore 

In this connection, however, 1 _wa^ ^ 1qw superson i C Mach numbers, 
interference drag is small, , , +-u e w i n gs are defined 

for wing-body combinations of ^ther It might be Expected that 

as the exposed half -wings 0°^ ned 6 * t the present test Mach numbers, 

the interference drag would be even less at ^/^ion of reference 6, 
2 The sections were considered to be sox . corresponds to a given 

this is the case where n = 3 and a - u. __ 

binding stiffness. — 
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corresponded to the first airfoil section with a thickness ratio of 

a m Se00na alrfo11 vas to have minSL SessuL 

airfoil. MaCh nUmber of 5 for the same torsional rigidity as the first 


Airfoils with bendi ng strength specified .- The third airfoil section 
to have minimum-pressure drag at a Mach number of 3 for a 
dif? b !T d J; ns str ength (section modulus ). 3 Again in this case, it was 
difficnit to specify offhand a reasonable numerical value of the section 
modulus. The procedure was to adjust the value of the design section 

airfSls Sis h w f ±nertia was e< l ual to that of the first two 

ij’ • T 6nable “ addlti °nal comparison of the two 

types of minimum-drag airfoils. The fourth airfoil was designed to have 

th™irf?n! a MaCh n “" ber ° f 5 f ° r the sa “ e bendlnE as the 

A second family of airfoils was then designed following this same 
procedure, only the thickness ratio of the first airfoil was k percent 

The S al t f e -? ir ^° ilS f J 11 int ° tW ° families according to thickness ratio! 

+hp i5 foils in °? e are approximately 6 percent thick; those in 

the other, approximately k percent thick. In each family, then there 

f ° Ur ai:rfoi] f 1 two are designed for a given torsional rigidity and 
two for a given bending strength. One of each type is designed for a 
ac number of 3 ; the other for a Mach number of 5 . Three of the air- 

fn «dd?t Ve T IT* bo ^ ional ri gi d ity; two have the same bending strength. 
n to t he ei g fat minimum-drag profiles, a ninth airfoil with a 

l COn T ex SeCti ° n was desi S ned to have the same moment of 

S ^ % aS . ^ t ^ S1 ^ al - rigldity airfoils in thicker (6 percent 
thick) family. The biconvex airfoil has a sharp trailing edge and is 

6.10 percent thick. This airfoil is included to aid in comparing the 

and^'^t? aiI t°-i S more conventional shapes. The design conditions 
and the method of identifying each airfoil are given in table I. The 

tbe airfoils tested are presented in table II, and a 
sketch of bhe different airfoil profiles is presented in figure 1 . 

. All airfoils tested were made of polished steel with a chord of 
inches and exposed span of 3 inches. A photograph of the airfoils 
tested is presented in figure 2. The force models were supported in the 
wind tunnel on an 0.875-inch-diameter body having a minimum-pressure -drag 

ratio ° ptimUm bod y of given fineness ratio) of fineness 

n? TJi f aired a cylindrical body of fineness ratio 7.25. A picture 

ol the entire test assembly is shown in figure 3. Each of the blunt- 
trailing-edge airfoils had four orifices in the base which were used to 

ToJatfo th c IT* prassure » A sketch of a typical airfoil showing the 
location of the orifices is presented in figure 4. 

3 * 1 - - 

Again the sections were considered to be solid. In the notation of 
reference 6, this is the case where n = 3 and a = 1. 
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In addition to the force models, a model of airfoil 306-T (designed 
for approximately 6 percent thick, and having a given torsiona 

rigidity; * see table I), having a chord of 4 inches d an J r ^^ n ° f ^ 
was constructed to measure the chordwise pressure distribution Th 
model had a single row of orifices along the midspan. Only the side of 
+hp an rf oil containing the pressure orifices was contoured, the oxne 
ride of ?he airfoil w!s madi a simple wedge of relatively larger thick- 
neri ll order S increase structural strength. A photograph of thus 
model is presented in figure 5* 


Accuracy of Results 


Surface and base pressures, measured on McLeod type 

“ ere inflUenCe<i 

sr S bmsk 

probably gives a maximum correction. (See re . o , , N cince 

proDaoiy g pffects Q f condensation on flow about models.) Since 

discussion of the effects ox co both corrected and uncor- 

there is some uncertainty in this correc , 4 Ag the test 

rected data are presented for M 0 - 4.48 and M 0 4.9 • lightly 

airfoils are very slender and produce pressure ratios only slightly 
Sove l! ^"correction of the surface pressures for air re-evaporatron 
"as necessary, as can be seen in figure 11 of reference 13. 

The variation in stream Mach number in the region of 
was ±0.01 or less at all Mach numbers except ' A ^ variat ion 

number, the variation in the lilies to make 

in stream static pressure was sufficiently^small^^ ^ ^ ^ tMt _ 

buoyancy corrections negligi ‘ " ln strea m inclination was disre- 

less in all cases. The error in Reynolds 

number was less than 1 percent. 

In general, the force measurements were accurate to within ±3 percent 
of the total load on the balance system at the highest Mach number. A 
small buoyincy correction, due to internal pressure differences in the 
balance housing, wa s made to the measured data. Ho corrections to 

4 Because the local Mach numbers in the region of the base are bu;l,er Ccan 
the free stream, there is also some effect of condensation at = 4.03. 

However, the correction to the data at this Mach number was within 
experimental scatter « __ — 
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re!evaporetior o f e fh 1USlVe ° f bSSe for<:e) for condensation and 
necessary (see Previ:urd r is^n r :"on a ^^^” e 3t ur 4 ; B ^“ d ‘ b ° Ve 

to within ±0.003," the base^rMsure^atiS^t^-th* 1 ” 114 '' 3 t0 be accurate 
coefficients to within ±0.0002. within ±0.02, and the drag 


RESULTS AND DISCUSSION 


Pressure Data 


• = F“~ i“ 

differences will exist Wwei^ 1 1 sho ™ reference 8, no significant 

shock-expansion t£Sy to SrfoS iSe iho^ ^ th ° Se ° f 

sets of theoretical curves are p^seSd ?he n . ^^ation. Two 

neglecting the distortion of the effective airfJu S nro« 1 " SS detarmined 
laminar boundarv laver The , airtoil profile caused by the 

of this disSlont^ »is“ tZZ „L t b “ as ° btalaed including an estimate 
14, in which the airfni 1 •? f ° n the method of reference 

the displacement thickness nf th T ch ^ nged loca Hy by an amount equal to 
nesses were calculated us ins: the 6 layer o The displacement thick- 

number of h.h8 the i„crf™ft “ C ° f reference 15. Up to a Mach 

“ e i“^d’. S^SLS°SI!S 4 ^S r tS , th« y 

ESS€Ss HIE? 

~~~~ 6 6 betTC m tte ^imental results and^e tgoreScal nr^ iction. 

The test Mach number was sufficient! v hi ^ ' 

span pressures were not aff^ot^H k ^ f cases s 0 that the mid- 

airfoil tips! affected by disturbances originating at the 

6 Some pressure distributions were also • 

order theory. The agreement vi-^h i • l at ed ^ th llnear and second- 

higher Mach numbers. The agreement ?ith ^“T relat ively poor at 
substantially the same as 6 
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Of applicability at high supersonic speeds. The results given m re 
ence P l6 also give additional verification to this conclusio . 

Base -pressure survey.- The Reynolds numbers at which the base . 
press ures were measure— re presented as 

■p-i crn-rp 7 With the exception of M 0 - 3. Ay ana Mq ^.oo, 
boundary- layer flows. 

, -nr-pviouslv base-pressure measurements were made at 

four &S rS Zp.TnfXe of oach 8 . 

distributions of Pt,/p 0 for °ne airf0 ^’ S’ “r theses? ra^e, the 
SrS -sSed as KrtSoSsT/r four individual 

measurements • 

Following the example of reference 9, all base-pressure data are 
o correlated form as a function of the parameter^ c/(hVRe) 

(see fig 9). A small amount of data, not presented in figure 9, was 
IS Sti a at Mq = UT and 

£& number^ Tfr the effects of condensation, 

g floto for NU = 4.48 and h .98 are also shown m figure 9. 

uncorrected data tor y , T „, -Por ^ are 

the experimental scatter of the measured data. 

To further illustrate the reliability of this method of correlation, 
the variation of base-pressure ratio with Reynolds number for three 
different airfoils at a Mach number of 4.03 is shown m figur . . 
d i j -rnr-m ffir- QfcD these data combine reasonably well into seg- 

r zAr 

that were used 1* ^o»i=^e ^”hS in contrast to the results 
SSlSnn ^rS'r^tlc. in reference 12, where it was observed 

77 • +or1 n „+ in reference 9, for laminar boundary layers this parameter 

is P proportional to the ratio of the boundary-layer height at the trailing 
edge to the base height. 
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that the corresponding correlation method was not as 
supersonic speeds as at low supersonic speeds. 


reliable at high 




sented^n 1 ^!^? ^ maasurements on all the test airfoils are pre- 
sented in figure 11. The drag coefficients are based on the net forces 

on the airfoils; that is, they represent the difference between the 
the 8 body. draS ° f ^ Wlng " b0dy c °mbination and the tare drag of 


f iRure°Tr ri Se ex ^ e f f f al *lth calculated drag curves is made in 

gure 11. The calculated drag curves were determined by adding the 
two-dimensional pressure drag, shin-friction drag, and the measured base 

mined in dra § was calculated from pressure distributions deter- 

® ™ d i , th manner as those previously discussed; that is, using 

s lender -airfoil theory of reference 8 and the distortion effect of 
the boundary layer after the method of reference 14. The use of section 
theory to calculate the drag of finite-span airfoils is supported in 
reference 17, where it is observed that if the aspect ratio is of the 

Seated as ° r , greater ^ flow about vin Ss at high supersonic speeds may be 
treated as a two-dimensional problem. 

In funeral, the agreement between the calculated and experimental 
drag coefficients in figure 11 is good. Differences observS « 

encountered *9* “ Part t ? the errors in measuring the small forces 

M , * be incre ase in the total drag coefficients at the high 

as ^h^r^rsSam M ^ ** in tSSt *«*«**» * 

. the free-stream Mach number is increased, leading to a corresponding 

increase in skin-friction drag coefficient. corresponding 

end ■vv; < V 3rag coefflcients of "two of the minimum-drag airfoils, 306-T 
and 506 -T, are compared in figure 12 to those of the biconvex airfoil 
It is recalled that all three airfoils are designed to have^he s2e 
orsiona. rigidity. Consistent with the design conditions of the air- 

air foil^^ha^th ^° West drag at the lowest Mach numbers, and 

oil 506-T has the lowest drag at the highest Mach numbers. The 

at thli^ airfoidhas dra S higher than either of the minimum-drag airfoils 
at their respective design Mach numbers. The largest difference in drag 
is about 20 percent . It is also apparent from thf curves in 12 S 

airfoil^at^h^M dlfference in dra S between the two minimum-drag 

mostlv to tte L g nUmbers * This result ^ again attributed 

to the dec ^ aas f in Pressure-drag coefficient and increase in skin- 
■ ■ - on drag coe fficient with Mach number at the higher Mach numbers o f 

that a f r condensation > as previously discussed, could 

tu\\ T a r lng factor ^ although the pressure data 

(fig. 6 (d)) do not indicate that this is the case. 
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■t- 4-oa+a Tt is evident that because of this effect of skin 
the present tests. It w en te over the present test range of 

Mach^ numbers Ind Reynolds numbers would have ® a ^ ng J» appears, 

in picking the design conditions of an airfoil. 

The drag s^fb^di^'streS^^afh, 

at the lower Mach numbers end airfo 506 B sma ller at the high 

Mach numbers. Again, too, the difference m arag 

Mach numbers. 

The drag coefficients of airfoils 306-T and 306-B are compared in 

fi^re lh. Although both airfoils have the s™e torsional^rigldity,^anly 

airfoil 306-T was designed for this writer > . g yery little aiffer- 

for a given bending streng . ^airfoils - however, at the design Mach 
ence between the drags of the two airioi , ’ which is in 

number of 3, airfoil 306-T does have slightly lower drag, wn 

agreement with theory. 

Similar comparisons have been made vith the family °f 

thick airfoils. The same trends were ev j£ent;_ f°"^ces in drag coeffi- 
foils are thinner and have lower drags, the differences m ar g 

cients were even less. 


CONCLUSIONS 

investigation of the ^o-lift-drag characteristics of hin^symmet. 
S?" 1 conclusions: 

1 Pressure distributions can be predicted within engineering 

accuracy by the use of sdo ^- e ^^^ e t airfoil profiler the laminar 
account for dis ^ r ^°\°g h ^ e M ach numbers and lower Reynolds numbers of 
Sf Ss^f ttis Ssulf is in agreement with previous experimental and 

theoretical findings. 

2; rrefareTn%re a S::^ri^n^^ 

parameter'proportional to the 

the base to the base height. The co supersonic Mach numbers, 

at high supersonic Mach numbers, oust as at lov superson 
in estimating design base pressures for blunt-trailing 
pressure-drag airfoils. 
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. . 3 * Ea ^ h m±nimum - dra g airfoil had, at its particular design condi 

savins lowest dra ® of a11 comparable airfoils tested. The largest 
Mnrh n H ab ° Ut 2 ° percent * The differences in drag at higher 

drag ™at^e”£ e s£„ ? f^ 1 ’ f' ln e ° 0d part * ^eorea .! ! in prSLe 

thU Sjert of^kif ?rf^^ 10n The reSUltS shoued that because of 

, , tion, an airfoil required to operate over the 

teot ra, S® of Mach numbers and Reynolds numbers would have greater 

than ST,’ S a lf desi ®“ d for * number of 3 ratter 

S“orttvJlS°t / 5 ;. Zt apPears > then < that m some cases it may 

of ^ “rfoll nS ^ frlCtlC,n ln PICklng the aeol en conditions 


Ames Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Moffett Field, Calif. 
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TABLE I.- 


Airfoil 

Design 
Mach number 

t/c 

304-T 

3 

0.0400 

504-T 

5 

.0399 

304-B 

3 

.0376 

504-B 

5 

.0374 

306 -T 

3 

.0600 

506-T 

5 

.0598 

306-B 

3 

.0562 

506-B 

5 

.0563 

Biconvex 

- 

.0610 ( 


airfoil design conditions and structural properties 


h/c 


0.0226 

.0348 

.0233 

.0336 

.0356 

.0528 

.0376 

.0513 


h/t 


0.564 

.871 

.621 

.898 

.594 

.884 

.669 

.912 


Moment of 
Inertia about 
chord axis, 

in. ^ 


41.6 x 10" 6 

X 10' 


41.6 ~ 


41.6 x lo -6 
41.2 x lo- 6 
138.7 x lo" 6 
138.7 x lo" 6 
138.7 x 10” 6 
139.4 X 10” 6 
138.7 X 10” 6 


Section 
modulus, 
in. 3 


10.4 x 10" 4 
10.4- x 10” 4 
11.0 x 10“ 4 

11.0 x 1 o -4 

23.1 x 10” 4 

23.2 x 10” 4 
24.8 X 10" 4 
24.8 x lo -4 

22.7 X 10” 4 


Key to airfoil identification: 


Airfoil 3 06 - T 



Design structural condition 
(T Torsional rigidity) 

(B Bending strength) 
Approximate t/c 
Design Mach number 
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TABLE II.- AIRFOIL COORDINATES IN INCHES 



Maximum ordinates 
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TABLE II.- AIRFOIL COORDINATES IN INCHES - Concluded 
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506 -T 



2 4 6 A ~&. To T£ 14 Is Is 2.0 

Abscissa, x, inches NACA 

(b) Airfoils approximately 6 percent thick. 

Figure /- Sketch of the airfoil profiles with expanded vertical scale. 
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Biconvex 


506-B 



504-T 


304-T 



E S* 

i,i 

i,*i 

1 1 1 

i 3 I 

i 1 


'-^NACA^ 
A- 16806.2 


Figure 2.- Force models. 
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(a) Wing mounted in position. 




A- 16646 . 1 




(b) Support body alone. 

Figure 3.- Force model test installation. 
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airfoil showing base -pressure orifice locations. 
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A- 1 6807 
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Figure 5.- Pressure-distribution 


model of airfoil 3o6-T. 
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Reynolds number, millions, based on 2- inch- air foil chord 


ro 
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(b) M 0 - 3.49, Re as shown 


.6 



CcJ M 0 = 4.03, Re as shown 
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Figure 8- Typical spanwise base-pressure distribution for airfoil 306 -T 
w/tn laminar boundary layer. 
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(e) M 0 -- 4.98 

Figure 9. - Correlated base-pressure data. 
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Figure II- Variation of drag coefficient with Mach number. 
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Figure //— Continued. 
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Figure //- Concluded. 
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Figure 12- 


Variation of drag coefficient with Mach 
306 -T, 506 -T, and biconvex. 
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Figure 13- Variation of drag coefficient with Mach number for airfoils 

306-B and 506-B. 



Ftgore ,4.- Motion of brag coefficient with Mach number for oir foils 

306 -T and 306-B. 
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